coupling and obtain almost decorrelated MIMO channels. Even more important in practice, MIMO traditionally demands multiple radio frequency (RF) chains, resulting in greater complexity, larger power consumption, and higher hardware cost. While the first problem can somehow be solved with different techniques, such as decoupling networks [2] , [3] , and pattern orthogonality approaches [4] , [5] , the need for multiple RF-chains remains for implementing arbitrary spatial multiplexing and diversity MIMO schemes. Different design alternatives have been proposed to overcome the second challenge: antenna selection [6] , analogue antenna combining [7] , time-division multiplexing [8] , and code-modulated pathsharing [9] . However, these techniques do not allow multiplexing signals using a single-RF chain. Finally, [10] proposed a low-complexity MIMO transmission technique named spatial modulation (SM), which results in a logarithmic increase of the data rate with the number of transmitting antennas. Since it requires multiple antennas at the transmitter, it is more suited to base stations than small portable devices.
Recently, a novel concept has been proposed for transmitting multiple data streams while using a single RFchain and a switched parasitic array [11] [12] [13] [14] . This technique, referred to as beam-space MIMO, was shown to have the potential of simultaneously addressing both the size and multiple RF-chains challenges of classic MIMO techniques. Fig. 1 is symbolic representation of a beam-space MIMO transmitter. Instead of driving different symbol streams to different active antenna elements as in traditional MIMO transmission, symbols are mapped directly onto an orthogonal set of basis functions in the beam-space domain of a single active antenna. This principle is implemented in practice by designing an antenna system whose instantaneous pattern, G T , can be decomposed at any instant of time into an orthogonal basis formed by B 1 and B 2 , such that G T = s 1 B 1 +s 2 B 2 , s 1 and s 2 taking any value required by the considered modulation. The authors in [11] introduced the general concept of beam-space MIMO on a theoretical level. However the design was based on simple analytical description of ideal omni-directional elementary radiators and only in a 2D plane, which is not realistic for practical applications. The first successful experimental demonstration of the concept was then reported in [14] , where a symmetric switched parasitic array of three printed dipoles was employed for multiplexing two binary- M phase shift keying (BPSK) data streams over-the-air. The central dipole element was fed with a RF signal modulated by the first baseband data stream, while the terminating loads of other two parasitic elements were controlled by a baseband signal containing information related to the ratio of the second and the first data streams s 2 /s 1 . However, the parasitic array antenna system in [14] is also unsuitable to small wireless portable devices, mainly due to its size and the dependence of its properties to the immediate environment. Moreover, it requires the implementation of a complex DC biasing network to decouple driving signals from RF load circuits and radiating structures. In this paper, we present an antenna system solution for beam-space MIMO that can be effectively incorporated in a compact, low-cost portable terminal. The solution also enables an extremely simple biasing scheme as explained next. Instead of a set of dipole and monopole radiators, a compact multi-port integrated antenna structure is used. Moreover, for low-order modulations, this approach allows to drastically simplify the reconfigurable loads. Finally, we show that it is possible to use the designed antenna to achieve the multiplexing gain at a dynamically-controllable frequency. This result is very promising for the future convergence of MIMO and cognitive frequency allocation concepts via low-cost reducedcomplexity transceivers.
The rest of the paper is organized as follows. Section II first introduces the proposed compact antenna solution for beamspace MIMO. Then, in order to experimentally validate the solution, we present the design of a compact antenna prototype, integrated to a typical portable platform, and discuss the simulated and measured return loss and radiation patterns. In Section III, we investigate frequency reconfigurability of the antenna system example to enable dynamic frequency allocation in beam-space MIMO transmission. Finally, Section IV concludes the paper.
II. COMPACT ANTENNA SOLUTION FOR BEAM-SPACE MIMO

A. Single and Compact Radiator Design
Consider a reconfigurable antenna system which has a single active input port and allows the formation of two radiation patterns G 1 and G 2 that are mirror images of each other, for instance G 2 (ϑ,φ) = G 1 (ϑ,π−φ) for a plane of symmetry at φ=−90°-90°. It can be shown that the angular functions defined as 1  2  1   2  2  1   1  , :  ,  ,  2  1  , : , , 2
form an orthogonal set of basis functions [14] , namely
. Let us emphasize that instantaneous and basis patterns in (1), namely G 1 , G 2 , B 1 , and B 2 , are the complex vector radiation patterns. When the active port is fed by the first signal, it is possible to simultaneously transmit two BPSK signals s 1 and s 2 which are independently mapped onto each basis pattern such that (see [14] ):
However, the orthogonality of the basis does not ensure impedance matching at the active port nor an equal power distribution across the basis functions. Therefore, a performance optimization must then be carried out, as further discussed below. As aforementioned this technique was implemented in [14] using a three-element switched parasitic array of printed dipoles. However, this type of antenna is too large to be utilized in modern compact, low-cost portable devices. Moreover, the requirement of utilizing several disconnected radiators (active and passives ones) is inconvenient not only in terms of size but also in terms of fabrication or sensitivity to the influence of the user on the antenna performance. On the other hand, nowadays tough requirements of modern communication devices demand that a built-in antenna must be treated as a component of the whole platform rather than an isolated element within the design process.
Therefore, the first contribution proposed in this work is an antenna solution for beam-space MIMO that can be effectively incorporated in a compact, low-cost portable terminal. Rather than a three-element structure in which each element is regarded as a distinct and physically-separate radiator, a symmetric three-port antenna structure is used, as symbolized in Fig. 2a , integrated into a device platform. The central port (port 0) is the active input, while the other two are passive and loaded with pure imaginary loads as the real part of a complex load would degrade the efficiency of the antenna system. Obviously, by permuting the reactive loads, X 1 and X 2 , the antenna system is capable to create two mirrored instantaneous patterns with regard to the plane of symmetry depicted in Fig.  2a , namely G 2 (ϑ,φ) = G 1 (ϑ,π−φ) (for a plane of symmetry at φ=−90°-90°). Therefore, when the central port is fed with the first symbol stream, the antenna system can simultaneously transmit two streams and map them onto an orthogonal basis, as explained above. An example of this solution for beamspace MIMO has been designed and successfully measured, as detailed in Section II.C.
B. Simplified Variable Load Implementation
Prior design of beam-space MIMO considered a given apriori antenna structure, based on which the variable load impedance parasitic values are optimized [12] , [14] . With this approach, the reactance values required for the optimum operation of the antenna system differ from those of available control elements, such as for instance p-i-n diodes. As a consequence, another step in the antenna system design procedure must be devoted to the realization of desired variable loads by a circuit embedding the control devices as well as other passive elements. The proper design and operation of this load control circuit is critical for the actual implementation of a switched antenna structure in terms of design effort, system performance, and cost [14] .
In this context, here we propose to use the control elements such as p-i-n diodes directly as the variable loads in the design of a switched antenna system for beam-space multiplexing, thereby avoiding the design of the aforementioned complex variable load circuits. This is achieved by optimizing the antenna structure itself for the desired loads (e.g. the impedances corresponding the each of the two states of the p-in diodes as depicted in Fig. 2b ), rather than the other way around as done in prior art [11] [12] [13] [14] . Although this approach put more burdens on the design of the antenna structure, reducing the complexity of the load circuits effectively reduce the overall design complexity, while also increasing the certainty and consistency in the proper operation of the beamspace MIMO terminals (in the future the joint optimization of the loads and the antenna structure could prove an interesting solution as well). Such an approach is easily implemented for BPSK modulation, as shown in the following subsections. It could then be extended to higher order modulation by using a simplified load consisting for instance of multiple diodes connected in parallel.
C. Antenna Design and Structure
In this subsection, we implement the solutions presented in the two previous subsections by designing a compact switched antenna prototype for the beam-space multiplexing of two BPSK signals in a hypothetical portable platform. The antenna prototype is designed for an uplink frequency range of 1920-1980 MHz and a downlink frequency range of 2110-2170 MHz, and realized in close proximity to a grounded 1.6-mmthick FR4 substrate of 75 mm  50 mm. A compact planar radiating architecture is selected, as depicted in the unfolded view of Fig. 3 . According to the solution explained in detail in Section II.A, the antenna system consists of a single symmetric three-port radiator. The central port is matched to a 50-Ω coaxial excitation without any requirement for external matching circuit.
Thanks to the design approach described in Section II.B, two fast-switching silicon p-i-n diodes (Aeroflex/Metelics MPN7310A-0805-2) are used as the sole mounted components at the two passive ports. The p-i-n diodes are embedded in the antenna system in such a way that in each instant, one of the diodes is forward biased and the other is reverse biased. Therefore, by switching the states of both p-i-n diodes at the same time, the instantaneous antenna radiation pattern becomes mirrored thanks to the symmetry of the structure. As depicted in Fig. 3 , there is a DC path from each p-i-n diode to the ground plane of the PCB and thereby to the outer conductor of the coaxial connector through a metalized via and a RF choke (Murata LQW15AN82N) mounted on the backside of the substrate. Therefore, the bias voltages for controlling the states of the p-i-n diodes can be applied through the connector inner conductor using a simple bias tee. In other words, the state of the antenna system is simply selected by the polarity of the DC bias source. This again allows significant complexity reduction as no DC decoupling biasing circuit must be introduced in the antenna structure. Full-wave analyses of the antenna structure were carried out using ANSYS HFSS. For a precise modeling of the embedded lumped components, i.e. the p-i-n diodes and the RF chokes, their equivalent circuit models were extracted from separate measurements using a TRL calibration technique. The impedances of the p-i-n diodes for a forward current of 19 mA and a reverse voltage of -0.6 V at the design frequency of 1.95 GHz were measured 1.9 + j17 Ω and 35.4 -j407 Ω, respectively. Then, the measured models were corrected for their insertion in the simulation according to the method explained in detail in [15] .
For optimum operation of a beam-space MIMO system in open-loop scenarios with rich scattering, balanced basis patterns are desired [14] . In addition, the antenna should yield an acceptable level of the total transmit efficiency (product of radiation and matching efficiencies) at the single active port. Therefore, the optimization criterion is to minimize the power imbalance ratio between the basis patterns in the upload frequency band while simultaneously achieving a return loss better than 10 dB over both working frequency ranges. It is worth noting again that since the p-i-n diodes are here directly utilized as the sole lumped components for the pattern reconfigurability, the optimization approach should be employed for the three-port radiator itself rather than the variable loads. Accordingly, extensive full-wave simulations on different radiator parameters were performed. Then, the obtained S-parameters and radiated fields were used to find the optimal radiator parameters. Fig. 4 illustrates the surface current density on the antenna conducting traces at the uplink and downlink center frequencies, when the upper and lower p-i-n diodes are forward and reverse biased, respectively. This is representative of the antenna operation when transmitting any of the BPSK signal pairs s 1 and s 2 since the radiator is symmetrical and according to Figs. 1 and 2b in all four possible combinations of BPSK signal pairs one of the p-i-n diodes is on and the other is off. It can be observed in Fig. 4 that the p-i-n diode in off state roughly acts as an open circuit, thus the lower stub (part D in Fig. 4 ) has a negligible effect on the antenna functionality. To illustrate the effect of the arms and the stubs and understand the corresponding antenna impedance behavior, we analyzed the antenna reflection coefficient in three different configurations: the antenna structure without the upper arm and stub (parts B and C), the antenna structure without the lower arm (part E), and the whole antenna. As depicted in Fig. 5 , in the absence of the upper arm and the upper stub, the antenna shows a deep resonance in the downlink frequency band. This is well in accordance with the surface current density at 2.14 GHz shown in Fig. 4 : the current is distributed mostly on the lower arm and less on the upper stub and arm. The results imply that the lower arm dimensions affect the antenna second resonant frequency, however, the presence of the upper arm and stub causes a slight decrease of the resonance level, as shown in Fig. 5 . This figure also shows that the antenna structure without the lower arm yields a moderate resonance at the uplink frequency. Then, when the lower arm is included in the structure, this resonance is well tuned to the upload center frequency and its level is improved. Therefore, it can be inferred that the first resonance of the antenna structure is nearly determined by the dimensions of the upper stub and arm as well as the impedance of the p-i-n diode in on state, and adjusted by the lower arm. This is also in agreement with the current distribution shown in Fig. 4 . We finally recall here that the above explanation is related to the antenna matching in each of the two symmetrical antenna states actually used for the beam-space MIMO operation. The fully-operational fabricated built-in antenna system is shown in Fig. 6 . Fig. 7 shows the comparison between the measured and simulated reflection coefficients of the antenna system around the design frequency bands. The agreement between the simulations and the measurements is excellent, revealing the accuracy of the technique adopted for the modeling of the antenna system. Furthermore, the similarity between the measured results for both states confirms the symmetry of the fabricated antenna system. It is observed that the measured return loss is better than 10 dB for both system states over the upload/download bands. A measured bandwidth of 14.5% is obtained for a reference of −9 dB.
D. Results and Discussion
The co-and cross-polarized radiation patterns of the antenna system in the plane of the device platform are depicted in Fig. 8 . Here again very good agreement is obtained between measurements and simulations. Moreover, it can be seen that the desired mirrored pattern pair is obtained when the system state is changed, as expected due to the symmetrical structure of the antenna system (with regard to the plane of symmetry, φ=−90°-90°). This implies that the antenna system is capable to create an orthogonal basis onto which the signals are mapped, as discussed earlier in Section II.A, and experimentally proved by over-the-air multiplexing and decoding in [14] . The small discrepancy between the measured and simulated cross-polarized far fields can be safely attributed to spurious radiation effects of the measurement setup (including the supporting structure, the coaxial cable and the bias tee) and antenna tolerances.
Simulations show a radiation efficiency of 76-83% and 87-89% for upload and download frequency bands, respectively, which are in good agreement with the values obtained from gain measurements. The corresponding losses can be divided into two parts: the loss introduced by the resistance of the lumped components, i.e. two p-i-n diodes and two RF chokes impedances, and the thermal loss in the dielectric substrate and metallized parts. As shown in Table I , the lumped components Fig. 7 . Simulated and measured reflection coefficients of the antenna prototype for both diodes states. have little contribution to the total loss, namely less than 0.55 dB at all design frequencies. Based on the obtained instantaneous mirrored patterns, the basis patterns can easily be computed by using (1) . The corresponding angular basis patterns of the antenna prototype at 1.95 GHz are shown in Fig. 9 . Then, by spatial integration over the full sphere, we can find the power associated with each basis pattern. Fig. 10 shows the distribution of the instantaneous radiated power (P G1 ) across the basis patterns as a function of frequency. The basis has a very good power imbalance ratio of 0.18 dB, 1.25 dB, and 0.09 dB at 1.92 GHz, 1.95 GHz and 1.98 GHz, respectively, namely very close the ideal power imbalance of 0 dB for open-loop MIMO operation. Note that by definition here P G1 is normalized to the total input power, so corresponds to the total efficiency of the reconfigurable antenna system (i.e. including mismatch and thermal loss).
Although the used upper-bound criterion in [14] has been shown to be quite efficient for the optimization of beam-space MIMO antennas, it is a rough approximation of real BPSK capacity. In general, the global optimization criteria could be topic of further developments in the emerging field of beamspace MIMO. However, to get some insight into the MIMO performance of the antenna system, the capacity analysis of BPSK signaling based on the obtained simulation results was carried out. We assumed the Kronecker channel model in a narrowband flat-fading operation scenario where two BPSK signals are simultaneously transmitted over two orthogonal basis patterns and then received using a two uncorrelated and uncoupled antenna elements in an open-loop MIMO operation. Fig. 11 shows the capacity of the antenna system for transmit signal to noise ratios (SNRs) of 10 dB and 20 dB versus the operating frequency. The graph also depicts the capacity of an ideal 2×2 classical MIMO system under identical assumptions. The excellent behavior of the designed antenna is confirmed, since the corresponding capacity converges to that of the ideal 2×2 MIMO system.
As stated earlier, the ratio of the second and the first data streams s 2 /s 1 determines the system state and consequently the states of the p-i-n diodes. Under BPSK signaling, the ratio s 2 /s 1 remains constant during about 50% of the symbol transitions (i.e. when s 1 and s 2 do not change or when both change at the same time). In such instants, the states of the p-i-n diodes are not altered and no pattern reconfigurability occurs. Therefore, there is no issue related to the symbol transition in this case, since obviously a pulse shaping filter can be included in the path of the first data stream s 1 , i.e. the one directly fed to the single RF chain.
However, during other symbol transitions (i.e. when only one of the two symbols changes), the control signal switches the states of the p-i-n diodes and the antenna instantaneous radiation pattern is mirrored. In such symbol transitions, improper transition between the states of the p-i-n diodes may give rise to bandwidth expansion of the transmitted signals. To provide some insight about this out-of-band radiation phenomenon, the spectrum measurements in real propagation conditions were carried out while the antenna system was multiplexing two random BPSK data streams. As shown in Fig. 12 , when the antenna system works in a single state (i.e. the case where no p-i-n diode switching occurs), a clean Fig. 9 . Simulated magnitude of the angular basis patterns of the antenna system at 1.95 GHz in the plane of the platform. Note that the orthogonality between patterns applies to the complex patterns over the full sphere and not to their magnitudes. spectral mask is achieved thanks to the pulse shaping filter employed on the RF path. However, when the states of the p-in diodes are changed using high slew rate rectangular pulses, the antenna system, as expected, suffers from high out-of-band radiation.
Though this issue has barely been mentioned before, it is obviously important for beam-space MIMO applications and should be subject of further investigation. One potential solution lies in transient behavior shaping of the p-i-n diodes. A specifically-designed p-i-n diode driver can provide a controlled activation waveform (including reverse bias voltage, forward bias current, timing intervals, etc.) so that the antenna radiation pattern is smoothly reshaped and the transmitted signals properly fit in the allocated frequency band. In a similar manner, the use of varactor diodes as the required reconfigurable components can provide more controllable and smoother impedance changes, but will demand more complex DC biasing networks.
III. FREQUENCY RECONFIGURABILITY
An important trend in wireless communications is towards a more efficient use of limited spectrum resources. Therefore, and in addition to MIMO techniques, the concept of cognitive radio was brought forward for, among other, achieving dynamic frequency allocation in varying environments [16] , [17] . Therefore, in this section we investigate the capability of including frequency reconfiguration in the antenna system design, and thereby extending the low-complexity MIMO benefits for technologies providing dynamic spectrum access such as cognitive radio.
Since the S-parameters and the active port patterns of the three-port radiator are frequency-dependent, the optimization of the antenna yields optimal beam-space MIMO performance around the design frequency only, as can be seen in Fig. 11 . Therefore, in order to simultaneously provide frequency reconfigurability and achieve maximum transmission data rate, the instantaneous load values should be selected according to the instant frequency of operation and cannot be simply p-i-n diodes as in the case of fixed frequency operation.
To evaluate the capability of the designed antenna prototype in frequency reconfiguration, we used the S-parameters and the active port radiated fields of the three-port radiator extracted from full-wave simulations to compute the BPSK capacity for a 2D range of reactance X 1 -X 2 under assumptions identical to those in Section II.D. Then, we selected the reactance values which achieve the maximum BPSK capacity at each frequency. Fig. 13 shows that satisfactory capacity is maintained over a bandwidth of 1:2 with a reference of 1.4 b/s/Hz (which corresponds to 83% of the capacity of an ideal 2×2 classical MIMO system for a transmit SNR of 10 dB), when the prototype antenna is properly loaded at each single frequency. As shown in Fig. 14 , the use of the optimal reactance values guarantees a return loss better than 10 dB and a power imbalance ratio less than 5 dB on a frequency range larger than 1:2. Fig. 15 plots the optimal reactance values as functions of frequency. Interestingly, plotting a contour map of the BPSK capacity with respect to X 1 and X 2 , such as done in Fig. 16 , shows that the performance is in general quite insensitive to moderate variations in the reactance values. Obviously, the possibility of dynamic frequency operation comes at the cost of more complicated variable load circuits and relies on the availability of appropriate dynamicallycontrollable reactive loads based on varactor diodes or RF microelectromechanical system (MEMS). A possible method Fig. 12 . Out-of-band radiation caused by abrupt switching of the p-i-n diodes when two random BPSK data streams with a symbol rate of 500 Ksymbols/s were being multiplexed by the antenna system. A root-raised cosine pulse shaping filter with a roll-off factor of 0.5 was used on the RF path.
for reducing the complexity of the loads in frequency-flexible operation is to divide the bandwidth into multiple sub-bands, and then to select an optimal reactance pair for each sub-band so that satisfactory beam-space MIMO performance is ensured over the whole bandwidth. In this way, the desired frequency flexibility can be achieved using just a few reactance pairs. To illustrate the applicability of this approach, Fig. 13 shows the BPSK capacity achievable using three different load pairs, which is higher than 1.4 b/s/Hz over a 1:1.5 bandwidth. Finally, it is worth mentioning that the developed antenna hardware used here for beam-space MIMO can readily be used to achieve other functionalities. Indeed, as the instantaneous radiation patterns of the antenna are themselves quasiorthogonal, the hardware can also be employed for receive pattern diversity to dynamically compensate channel variation, or for receive spatial multiplexing by oversampling received signals [18] . Thus, the beam-space MIMO technique can support dynamic selection of the operation mode (transmission/reception) and the operating frequency, paving the way for MIMO-based cognitive radio communications with just a limited increase in hardware complexity.
IV. CONCLUSION
A compact antenna solution for implementing the beamspace MIMO concept in real small portable devices has been proposed. The solution employs a single-radiator switched antenna, integrated to the device platform, while simplifying the implementation of variable load circuits and DC biasing networks. A practical compact antenna system prototype for single-radio multiplexing of BPSK modulated signals was designed and measured, showing very good agreement with simulations in terms of return loss and radiation patterns. Finally, an early demonstration of the possibility of dynamic frequency allocation in beam-space MIMO transmission was provided. These results constitute significant progress towards the future implementation of the beam-space MIMO concept in real applications.
Future work in this very promising field should be directed towards the issue of the bandwidth expansion associated with transient behavior of the embedded switching elements. On the other hand, modern wireless communications standards demand higher order modulation schemes for higher data rates and lower latency. Therefore, further research needs to be devoted to the design of realistic antenna systems supporting the beam-space multiplexing of higher order modulations. Finally, another future work could address the actual implementation and testing of a frequency-flexible beam-space antenna system. 
